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l^oee  who  first  venture  ifl to  space  will ,  unlike  earlier  navigators 
pushing  semes  unexplored  seem ,  find  that  such  of  the  region  to  be  traversed 
has  slready  boss  charted  sad  seam  thing  of  the  character  of  both  space  Itself 
and  potential  destinations  In  space  is  known .  But  there  is  always  the 
difference  between  indirect  knowledge  and  first-hand  experience,  and  this 
difference  undoubtedly  will  shoe  up  trenchantly  on  the  first  flights  into 
space. 

Before  entering  Into  details,  a  fev  important  basic  differences 
between  spaee  envlreoncat  and  terrestrial  enviroonent  should  be  Mentioned 
and  kept  in  mind  la  our  discussions  of  spaee.  First,  the  configurations 
of  bodies  In  spaes  are  never  static;  relative  distances  are  always  changing. 
Second,  the  description  of  the  solar  system  in  terns  of  distances  alone  is 
inadequate.  The  astronaut  oust  think  also  in  terns  of  all  the  orbital 
el  sweats:  the  eccentricities ,  the  inclinations,  the  nodes,  the  epochs, 
and  the  pearlhellcae  as  well  as  the  seniwajor  axes.  Tbs  third  general 
difference  is  the  relation  between  energy  expended  and  distance  traversed. 

In  epaee  this  will  be  eeopletely  unlike  anything  in  terrestrial  experience . 
Fourth  is  the  natter  ef  the  seals  of  specs.  It  is  always  wost  difficult 
te  visualise  the  twndtus  dlstaseee  involved .  A  fifth  difference  is 
that  epaee  travel  will  be  perf creed  in  vehicles  which  are  intermediate  in 
else  b  <tws  an  the  snail  part  isles  In  free  space  and  the  naasive  planets. 

*  The  KAICD  Corporatise,  1700  Mala  Street ,  Santa  Monica,  California. 
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Vhils  the  motion*  of  the  Latter  in  influenced  only  by  gravitational  force* 
(Newtonian  and  relatl vietic  ) ,  the  small  partible*  are.  in  addition,  subject 
tc  magnetic,  electrical,  and  radiat  1  on  force*,  it  la  to  be  expected  that 
future  space  ship*  trill,  as  intermediate-*! ted  bodies,  experience  to  seme 
extent  the  effect*  of  al i  of  theee  forces. 

'''here  are  many  possible  way*  to  classify  space-flight  activities, 
sue!  ae  powered  and  ballistic,  aanaed  and  unmanned,  scientific  and  military, 
etc.  One  or  the  most  useful  of  these  ways  is  to  order  space  flights  by 
flight  mission. 

The  main  categories  of  actlvitlss  of  general  Interest  are: 
o  Barth  satellites 
o  Lunar  flights 
o  interplanetary  flights 

Let  us  first  consider  the  gross  dimension*  of  these  flight  classes . 

In  the  came  of  satellites  the  distance  parameter  of  Interest  Is  orbit 
altitude.  This  can  range  from  about  IOC  miles  to  -bout  1,000,000  miles. 
Beyond  about  1,000,000  miles  free,  the  earth,  the  sun’s  field  will  disturb 
the  vehicle  to  such  an  extent  that  the  term  'earth  satellite'  tends  tc  lose 
Its  meaning  The  time  parameter  of  Interest  is  orbit  period;  this  will 
range  from  about  1-1/2  hours  to  about  6  months. 

Lunar  flight  distance*  are,  of  course ,  roughly  the  distances  from 
earth  to  moon  -  about  240,000  miles,  night  times  will  range  generally 
from  about  one  day  to  one  month  or  more . 

The  Interplanetary  theater  starts  at  a  distance  from  the  earth  of 
about  1,000,000  miles  and  extends  to  the  orbit  of  Pluto,  nearly  % 000,000, 000 
miles  at  maximal  displacement.  Flight  times  would  fall  roughly  in  the  range 
of  am*  month  to  JO  years. 
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Is  the  category  of  satellites  «t  haw  two  principal  types: 
o  Ken -re  cere  rub  Is  data  Ill  tat 
o  Inwir.^V  isteUites 

Tb*  nan -recoverable  earth  satellite  la  new  a  familiar  system.  It* 
feasibility  has  bean  established  beyond  any  resonable  doubt. 

The  recoverable  aatallita  la  aa  coatri  red  that  all  or  part  of  the 
aatallita  la  perturbed  by  an  on-board  rocket  ao  that  it  return*  to  the 
surface  of  the  earth. 

Ike  lusar  flight  category  can  be  broken  down  Into  the  following 
principal  mis* lem* : 

a  Impacts  on  the  moon 
o  ilea -destructive  landtag*  on  the  moon 
o  Artificial  satellites  of  the  noon 
o  Ciretmslunar  flights 

Interplanetary  flight  would,  in  turn,  involve  execution  of  the 
foil  wring ; 

o  Inpact  an  the  planetary  surface .  (Impact  here  has  its  usual  nearing 
a  destructive  collision.) 
o  Lead  Intact  on  the  planetary  surface, 
o  Act  up  an  artificial  satellite  of  the  planet, 
o  Orbit  areund  the  planet  aad  return  to  earth, 
o  Act  up  interplanetary  space  buoys. 

&HIC  LAW  Of  TfcMTIAL  WMUIIC8 

Osleetlal  mechanics ,  which  is  the  basis  far  the  determination  of 
orbits  or  trajectories  in  space,  is  usually  thought  of  as  beginning  with 
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the  publication  of  the  D»  fUtvolutlonlbus  >.y  Copernicus  In  l*>k/. ,  although 
the  subject  baa  important  roots  nearly  two  thousand  years  before  this  late. 

A  second  major  atap  was  made  by  Kepler  In  hie  discovery  of  the  lava  of 
plana tary  motion  (see  Pig.  1): 

1.  The  orbits  of  the  planets  ara  allipaea  with  the  aun  at  one  focus. 

?  rhe  line  joining  tha  planat  to  tha  aun  sweeps  over  squad  areas  in 
equal  intervals  of  time. 

The  square  of  tha  period  (P)  of  a  planet  la  proportional  to  the 
cube  of  its  mean  distance  (a). 

In  Kepler's  third  law  the  period,  usually  designated  by  P,  is  the 
length  of  time  it  takes  the  planet,  comet,  or.  today,  satellite  to  travel 
around  ita  orbit.  The  mean  distance,  a,  is  sometimes  called  the  seniaajor 
axis  (ef .  Fig.  1)  and  is  in  fact  the  average  of  the  greatest  and  least 
distances,  the  perihelion  and  the  aphelion  distances  in  heliocentric  orbits, 
or  tha  perigee  and  apogee  distances  in  geocentric  orbits. 

With  his  law  of  universal  gravitation  ana  his  Laws  cf  motion,  Newton 
was  able  to  rederive  the  Kepler Ian  lavs  of  planetary  motion.  In  doing  so 
he  found  It  necessary  to  modify  them  in  significant  ways: 

1.  Ks'pler's  lavs  define  the  motion  of  a  planet  exactly  only  if  it  is 
alone  with  its  sun  in  the  unlverss.  itvery  other  ob  lent  In  the  universe 
will  disturb  the  simple  Keplerlan  motion,  producing  what  ve  call  perturbations 
In  Fig.  2  ve  see  the  effect  of  an  extremely  large  perturbation .  A  comet  or 
alnor  planet  is  traveling  around  the  sun  in  Keplerlan  orbit  A.  One  time, 
when  it  is  crossing  the  orbit  of  Jupiter,  it  finds  Jupiter  nearby,  at  J. 
Jupiter's  attraction  is  momentarily  very  large,  causing  the  disturbed 
object  to  be  hurled  off  toward  tne  sun  in  s  new  direction.  After  it  Is 


eafely  past  Jupiter  th#  cun' a  attraction  again  bacon**  predominant  and 
th*  object  t bar* after  travel*  In  orbit  B.  Of  course  tbo  attraction  of 
Jupiter  la  never  negligible,  and  ac  i«  progressively  chang  i:ig  tie  orbit, 
though  aor#  gradually  than  in  tho  i  Llustrati  on . 

2.  Revton  shoved  also  that  Kepler's  lava  vould  be  exac t  for  a  tvo- 
body  systea  only  if  th*  tvo  bodies  vere  homogeneous  In  spherical  concentric 
layer*.  Because  of  it*  rotation,  the  earth  la  not  perfectly  spherical, 
but  bulges  out  at  the  equator,  the  bulge  vlll  int-oduce  perturbative 
force*  eaa  the  eoon  or  an  artificial  satellite.  These  cannot  be  resolved 
into  a  single  force  acting  fron  the  center  of  th*  earth.  The  bulge 
pert urhat leas  of  the  erbit  of  an  artificial  satellite  are  much  larger  than 
these  caused  by  th*  sun  or  th*  aoon. 

Other  force*  that  aay  be  treated  as  perturbations ,  vhen  they  are  not 
too  large,  inel’ide  thrust,  dreg,  and  other  aerodynamic  force* ,  md  possibly 
elector wgnetlc  fore**,  radiation  pr**aure,  and  the  aodif  i cat  ions  Intro¬ 
duced  into  th*  gravitational  field  by  Ilnateun  mechanics. 

V  Ksplsr's  lava,  in  Revton 's  redevelopment ,  eaerg*  a*  Integrals  of 
th#  tee-body  problea.  There  are  aaay  other  -seful  integrals,  of  course, 
and  at  least  one  of  thaa  has  such  a  s lap 1 *  for*  as  to  be  especially  useful 
In  th*  solution  or  interpretation  of  orbit  problea*.  It  is  th*  vis-viva, 
or  aaergy  integral,  vbleh  expresses  th#  fact  that  ths  sun  of  th*  kinetic 
and  potential  energies  is  constant: 


In  this  equation  k  is  th#  gravitational  constant;  and  a^  are  th*  aasses 
of  the  tvo  bodice;  s  is  the  eaaiaajor  axis;  V  is  ths  velocity;  and  r  is 
the  41st ease  fro*  the  foous. 
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•* .  Newton  i  omvi  tnat  In  the  two-body  problem  tne  ellipse  was  not  the 
only  possible  orbit  Tara&olas  and  hyperbolas  v ere  also  possible  orbit#. 

The  Addition  of  parabola*  made  it  possible  for  Newt on  to  show  that  the 
carnet#,  which  travel  in  nearly  parabolic  orbit# ,  obey  the  aaj m  law*  a*  the 
planet* 

For  illustration,  let  ue  suppose  that  a  circle  i#  the  orbit  of  a 
satellite  ■OMevh.al  abcrv*  the  surface  of  the  earth,  with  a  velocity  Just 
under  iaait  per  second  .  If  the  velocity  were  cut  to  i  miles  per  second, 
the  satellite  would  fall  lnvard  on  a  smaller  ellipee  until  It  encountered 
the  surface  of  the  earth.  Conversely  if  we  Increased  the  velocity  of  our 
projectile  to  '  miles  per  second,  we  would  find  that  It  would  rise  up  on  a 
larger  ellipee.  if  next  we  think  of  the  velocity  as  increased  to  7  miles 
per  second  along  the  seat  horUented  tangent  we  find  that  the  object  will 
travel  off  on  «  parabola,  never  slowing  down  enough  to  return.  This 
critical  velocity,  approximately  7  miles  per  second,  is  called  the  'velocity 
of  escape. '  it  is  the  same  whether  the  direction  of  projection  Is  horizontal, 
vertical,  or  acsae  angle  In  between.  A  velocity  of  t  miles  per  second  vo>.J.d 
carry  the  projectile  off  on  a  hyperbola,  still  higher  velocities,  on  more 
near ly  rectilinear  hyperbolas. 

The  so-called  velocity  of  escape  applies  strictly  only  if  we  neglect 
all  other  forces  in  the  field.  With  a  velocity  of  7  miles  per  secocid  a 
projectile  would  escape,  at  Least  temporarily,  from  the  earth ,  but  not  from 
the  sun.  As  it  receded  from  the  earth,  in  any  direction,  its  velocity  would 
quickly  drop  off  nearly  to  zero.  But  with  its  geocentric  velocity  nearly 
sero,  its  heliooectric  velocity  would  be  nearly  the  same  as  that  of  toe 


earth,  l.e.,  lfl-l/T  miles  per  second  in  g  direction  approx iamtely  at  right 


angias  to  tha  direction  of  tha  sue.  And  ec  the  aacapad  vatic la  wc raid 
taka  up  a  naarly  circular  orbit  around  the  sur  clcaaly  approximating  teat 
of  tii*  aarth  . 

7B1  ORBITAL  gUMPffS 

A  t vo -body  orbit,  u  lliuatratad  In  F'.g.  is  spectflad  by  *ix 
constant  a ,  cidied  toa  'aumanta'  of  tha  orbit-  Thraa  of  thesa  alaaanta 
haw  to  do  rith  tna  orlantatian  of  tha  orbit  in  ap-aca  ,  and  raqulra  that 
w»  apaclfy  arbitrarily  a  refareoca  plana,  and  in  that  plana  k  rafarance 
direction.  For  geocentric  orbits  va  ua«  tha  prana  of  tha  larth'i  aqua„or 
and  tha  direction  of  tha  vernal  aquinox.  ( Por  heiiocantric  orbits  tha 
rafaranca  plana  ia  uaually  tha  acliptle  plana,  tha  plana  of  tha  aarih  a 

orbit.  )  Tha  lnta  reaction  of  tha  orbit  plana  and  tha  aquator  plana,  in 
tha  gaocantric  caaa,  la  aallad  tha  lina  of  nodes.  Tha  axeeoding  noda  ia 
tha  point  at  vfalah  tha  objaet  paxsaa  fro*  tha  south  aide  to  tha  north  aide 
of  tha  a  qua  tor ,  and  tha  daacaoding  noda  ia  tha  point  at  vfclct  it  panaas 
fro*  north  to  a  oarth .  Thraa  aa&las  that  any  ba  ua«d  for  orientation  alaaaat* 
ara,  than: 

Jl,  tha  longitude  of  tha  noda,  or  tha  aagla  batwaaa  tha  directions  of 
tarn  vernal  equinox  and  tha  ascending  noda. 

1,  tha  inclination,  or  tha  angle  between  tha  two  plana*. 
c*j,  tha  ary— «t  of  perigee.  or  tha  angle  in  tha  orbit  plane  batmn 
tha  direction  of  tha  ascending  noda  and  tha  direction  of  perlg*«. 

T%*  r—alalng  ala— nta  epeeify  tha  alia  and  shape  of  tha  orbit  and 
tha  tine  at  which  tha  orbit  ia  at  a— a  specified  point.  7h*a«  w.r  ba 

a,  tha  mean  distance  or  aaai.1  Major  axis. 

a.  tha  eccentricity,  whiofa  aay  ba  dsfia  1  a a  tha  distanca  f roa  tha 
caatar  at  tha  allipaa  divided  by  tha  aeniawajor  axis. 
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T,  the  time  of  perigee  passage. 

These  six  constant*  art  oftan  replaced  by  otbars  In  part  or  altogether. 
Per  example,  the  orientation  unit  vectors,  P,  directed  to  perigee,  (}, 
parallel  to  the  velocity  vector  at  perigee,  and  V,  perpendicular  to  the 
orbit  plane  and  Making  up  a  right-handed  ays tee  vith  P  and  $,  are  often 
used  aa  orientation  eleeents  In  place  of  ./l ,  1,  jj. 

pgmWBATIOKS  MO  PHKI8I0H 

Two-body  orbits  and  aleaents  are  very  useful  if  the  perturbing  forces 
are  not  prohibitively  large.  Often  the  perturbing  forces  eay  be  reduced 
greatly  by  relatively  s lapis  devices.  Por  example,  the  attraction  of  the 
sun  an  the  sxxm  Is  approximately  tvlce  that  of  the  earth.  If  the  earth 
and  the  moon  vers  stationary,  the  sun  would  quickly  pall  the  soon  away 
from  us.  But  most  of  the  sun's  attraction  is  used  up  In  pulling  the  moan 
Into  approximately  the  same  curvilinear  orbit  as  that  of  the  earth.  What 
Is  left  over  Is  only  about  l/lOO  of  the  earth’s  attraction.  Consequently, 
as  the  first  approximation,  the  moon's  orbit  around  the  earth  Is  approximately 
a  Kcplerlan  ellipse.  A  perturbation  as  large  as  l/lOOth  of  the  primary 
acceleration,  however,  Is  extremely  large,  and  the  accurate  determination 
of  the  moon's  orbit  is  a  very  complicated  matter. 

Two  well-known  perturbations  of  satellite  orbits  due  to  an  equatorial 
bulge  of  the  central  body  are  (l)  regression  of  the  nodes  and  (2)  advance 
of  the  perigee,  that  Is,  the  nodes  gradually  move  In  a  direction  opposite 
to  that  of  the  orbital  motion,  vhlla  the  perigee  gradually  moves  In  the 
saaw  direction  ae  the  orbital  motion.  Perturbations  duo  to  drag  cause  e 
gradual  decrease  in  the  eccentricity  and  semimajor  axis  of  an  orbit.  In 
many  casea,  the  aegnltude  of  these  'secular'  perturbations  can  be  calculated 
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to  »  goos  degree  of  ftgrpreaJjwsiioa. 

User*  acw  several  different  swthed*  far  haadllcg  perturbations.  Is 
one  of  to«s*  v*  a©  reference  whatsoever  to  auxiiiar  •/  aiiipa*©..  but. 

a  lastly  integrate  the  total  acceleration  is  ordar  to  follow  th«  path,  This 
process ,  ur  i  with  auaerleai  integration,  is  called  Cowell's  :*sihod,  it 
h*«  teen  v**4  in  lunar  trajectory  w*rk  al®e*i  exclusively.  A  ®sco»d  way  to 
hay-dji®  perturbations  ic  to  calculate  frsw  the  position  *•*!  velocity  at  *ny 
pc  1st  is,  •  *e  actual  path  the  elliptic  o„blt  that  would  bo  followed  if  at 
that  point  all  perturbation*  ware  suddenly  t®  cea&e,  The  difference* 
between  tb*  actual  accelerations  aur*d  the  fcvo-body  accelerations '  In  this 
1  osculating  ’  ellipse  are  then  integrated  to  find  &  correct  ion  to  &  position 
la  the  two-body  orbit  that  will  give  the  petition  la  the  actual  orbit. 

When  auaerical  integration  1*  weed  this  Method  is  referred  to  as  Back*’© 
Method.  It  te  eepeeiaily  effect  It*  when  the  perturbation®  are  snail.  After 
tine ,  however,  the  perturbation#  are  likely  to  build  up  to  such  a  point 
that  a  new  osculating  ntforea ee  orbit  aust  be  date  mined  fn»  integrated 
position  and  velocity. 

Instead  of  asking  abrupt  changes  free  one  reference  orbit  to  smother, 
we  ecu  »ak«  the  changes  gradually  by  the  ®»th©d  of  variation  of  parawters. 
la  this  Method  w*e  parasite  rs  that  define  the  osculating  two-body  orbit 
are  allowed  to  vtry  progressively  so  that  the  osculating  orbit  will  always 
give  the  mm  position  and  velocity  as  the  two -body  orbit.  The  effect  will 
be  to  c*.uft..  o cut  of  the  osculating  ellipses  gradually  to  change  until  it 
ee.rfe*  Into  the  other  one.  The  variations  of  the  panuaetsrs  axe  determined 
directly  trem  tie  perturbations  and  nay  be  lntagrated  nunsrically,  or, 
alternatively,  by  series  expansions. 


i  -  i  IJi  'c. 

7-23->6 

xC 


When  the  perturbations  axe  vsry  Larg# ,  neither  Sncka's  seethod  nor  the 
method  of  variation  of  parameter*  offer*  any  advantage  over  Cowell's  Method, 
and  the  Itit  should  be  um d  Mca  ,m  it  requires  less  calculation.  When  the 
perturbations  are  small ,  however,  and  •specially  when  the  tvo»body  motion 
is  vary  rapid.  Cove  11 ' *  Method  is  disadvantageous  and  my  ©vac  be  incapable 
of  handling  tl*  problas. 

When  perturbations  are  handled  oy  auaericAl  integration  the  process 
1*  called  special  pertuxbati  ons .  Wb*c  the  perturbations  &x*  represented  by 
serls*  and  integrator  torn  by  tana,  the  process  is  referred  to  as  general 
y«rturb»tioos  Today  w  refer  to  such  series  as  'Fourier  series.' 

Actually  the  process  antedates  Fourier  by  acre  than  tv©  thousand  years. 

In  the  Ptolemaic  system  the  complex  Motions  of  the  planets  were  represented 
by  systems  of  circles  *hat  were  equivalent  to  Fourier  series. 

It  is  desirable,  at  this  point,,  to  distinguish  clearly  between  tvo 
kinds  of  trajectory  work:  'preliminary  (or  feasibility J  trajectories  end 
’precisian  trajectories.’  By  preliminary  trajectories  ve  assn  qualitative 
trajectories  that  are  useful  in  preliminary  studies,  la  which  uoiy  rough 
estimate*  of  the  amount  of  fuel,  the  durst  ion  of  flight,  .required  guidance 
tolerances,  or  similar  questions  are  desired.  Precision  trajectories,  on 
the  other  hand,  are  necessary  for  accurate  space  aavigatioft. 

11»e  lunar  flight  trajectory  Illustrates  one  of  the  Important  distinctions 
between  preliminary  and  precision  work.  In  preliminary  sstedie#  of  lunar 
and  circusduaar  trajectories  it  is  possible  to  suppose  that  the  neetu  is 
Moving  with  u&iforsa  velocity  in  a  perfect  circle,  or  that  ft  .1®  a  fixe.,, 
point  in  a  rotating  framework.  In  precision  work,  however,  the  rotating 
framework  ceases  to  be  useful.  In  fact  there  axe  a©  » tuple  mthemtical 
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exparessleen  that  nil  g  spare  seat  tbe  ss®e#ft'«  position  for  sore  tfe* a  a  very 
brief  interval.  Wb  wet  turn  t*  tab!#*  of  tbe  poettlse,  awteh  a* 

tbeot  gXvm  la  tb*  rmrt&sz  a»Heu*l  9&m*?rt let  er  alannae*. 

Another  i&ff&rt&afc  teas  ldarst  Ion  la  preclslm  orbit  vwrk  1*  tbe 
feiieelag? 

M  tbe  pretest  tins  refined  valuss  of  tbe  bsade  sanetaHts  ere  definitely 
required  before  ea  Interplanetary  beliiartle  flight  to  intersect  another 
planet  could  be  successful.  this  way  seen  odd,  ulnae  eeaturie*  of  astr©- 
Boadeal  ©beerwatim*  hare  contributed  to  plotting  tbe  slsmat*  ef  tbe  orbits 
of  planets  mA  satellite*  te  alx-ylaee  accuracy  or  better,  end  te  deteraiaing 
tbe  Mutual  swrturbetistte  ef  thee*  orbit*  soused  by  tbe  several  bailee  in  tbe 
solar  syatea.  &e«*v*r,  «ne  dsainant  faster  sake*  tbsee  eleneate  unsuitable 
fear  sueeeesfujL  plaaet~t»~plaa#t  navlgetiea.  fbi*  faster  la  that  while 
planetary  capital  dlnenslcB*  art  known  te  six-plae*  accuracy  or  better  wfeoc 
exp raesed  la  terse  ef  tbe  eetreocaleal  unit  (tbe  eeadmjor  eels  of  tbe 
earth's  orbit ),  tbe  astratMnle&l  unit  (a.u. )  Itself  Is  knows  to  saly  about 
one  part  la  150®  when  expressed  in  teres  ef  sstera  or  feet,  tbe  units  la 
which  flight  design  east  be  nade.  (Ipoeifleolly,  1.495  x  10®  k»  i  1  a.u. 

£  1.49®  x  10®  ku. ) 

A*  a  slsple  exuapls  of  tbe  effect  of  this  uncertainty  in  tbe  scale  of 
tbs  solar  syaVcn  on  a  preblee  la  space  navigation,  consider  tbe  trip  free 
tbe  Isrth  te  Tens  along  a  einlaaaMHMunKf  erbit.  Making  several  simplifying 
assusptlsas  regarding  tbs  eeeeatrlolties  and  laollsatleas  ef  tbe  orbits  of 
tbe  fenrtb  and  Venae,  we  find  that  tbe  uncertainty  la  tbe  eaninijor  axis  of 
tbe  nlnlnres  energy  ertit  would  be  about  172,000  kn  er  15  dlemtere  of  Venue; 
and  tbls  aegleets  tbe  tlnlng  error  introduced.  Gkw  ef  tbe  first  tasks  of  a 
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flight  late  interplanetary  space  should  bt  the  of  tb*  fundaaentfcJL 

aatrenanieel  vault  of  distance  Is  toms  of  laberatery  standards  of  length. 
Another  bool*  constant,  the  greritatieael  constant,  Is  knows  to  only  about 
three  slflp&ifleaat  f iguree  visa*  expressed  Is  the  e.g.e.  system  or  eay  other 
laboratory  systan  of  tmlts. 

lusah  akp  ifrouagm  yuagre 

A  typical  preliminary  earth-Moen  trass  it  trajectory  ecoputed  by  auto* 
antic  anehlnc  is  ahevn  la  Fig .  k.  It  is  platted  is  rotating  coordinates  so 
ar.  a&ged  that  the  oarth  neon  line  appears  to  stay  fixed.  This  coordinate 
schema  show*  the  trajectory  about  as  it  would  appear  to  as  observer  stand  lag 
on  the  noon.  This  mm  trajootory  is  plotted  is  inertial  coordinates  la 
Fl«.  5* 

It  can  bo  soon  In  Pig.  5  that  the  vehicle  is  this  particular  trass  it 
trajectory  vlll  acre  in  a  eeuntercleekvlse  direction  is  tho  initial  phases 
of  flight;  i.e.,  the  advaseo  of  vehicle  angular  positlen  vlll  bo  is  tho 
sam  direction  as  the  orbital  Motion  of  earth  and  mood.  Such  as  orbit  is 
referred  to  ea  a  direct  orbit.  As  advantage  of  such  ea  orbit  Is  the  fact 
that  one  eaa  capitalise  on  the  orbital  Motion  of  the  earth  (is  earth-noon 
space )  as  veil  as  the  rotation  of  the  earth  is  building  up  the  initial 
velocity  of  the  vehicle. 

la  Pig.  5  the  attraction  of  the  moon  can  be  eeen  near  the  terminal  ead 
of  the  trajectory .  T?  »  direction  of  approech  has  becosn  alaosi  a  straight 
line  to  the  noon's  center. 

Tto»  tine  required  for  as  earth -Mean  passage  is  strongly  dependent  upen 
initial  velocity.  A  plot  of  transit  tine  as  s  function  of  initial  velocity 
is  show  in  Pig.  6.  The  exact  tine-ve -velocity  curve  is,  of  course,  sonevhat 
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dependent  also  upon  the  direction  of  project  loo,  but  the  dependence  is 
relatively  slight. 

This  ■ nrked  decrease  in  flight  tin*  for  *  noderate  velocity  increase 
in  the  low-speed  reglae  suggest*  that  the  efficiency  *f  imt  flight  niseis*^ 
can  ho  cnhaaood  by  sacrificing  mm  payload  to  incroaM  projection  velocity. 
This  would  bo  true,  for  0x009X0,  in  also ions  requiring  the  expenditure  of 
large  anoints  of  electrical  energy  during  transit,  or  ia  vanned  flight  where 
the  danads  of  nutrition  and  a  livable  snvlronsent  grow  with  flight  duration. 

A  lunar- iapact  flight  consists  slnply  of  projection  of  a  vehicle  fron 
the  earth  te  oraah  on  the  surface  of  the  noon  unchecked.  Such  a  flight 
would  typically  involve  traversal  of  a  trajectory  like  that  ia  figs,  k  and 
5-  The  epee A  of  the  body  at  lapse*,  relative  to  the  noon's  surface,  will 
be  no  lass  than  lunar  escape  velocity,  and  typically  would  be  around 
10,000  ft /sec.  It  is  conceivable  that  sane  sort  of  lnstrunent  package 
could  be  node  to  survive  such  an  inpect,  but  the  possibilities  are  only  of 
a  speculative  ecort. 

A  particularly  Interesting  payload  possibility  for  an  inpaot  flight  is 
a  Mures  of  visible  light  to  signal  arrival.  It  has  been  estivated  that 
sosrthlng  like  10  pounds  of  flaah  power  exploded  on  the  dark  half  of  the 
half- lllunlasted  noon  would  be  ofceervable  in  a  21-inch  reflecting  telescope. 

The  aeeuraey  required  in  the  projection  process  to  produce  an  inpect 
so  the  visible  side  of  the  seen  oust  be  deternlaed  by  trial  and  error,  l.e., 
singly  by  oeeputlng  a  great  nantoer  of  trajectories,  noting  locations  of 
inpasts  and  nice  distances.  The  values  of  allowable  orrors  la  spoed  and 
direction  of  projection  are  dependent  upon  the  speed,  direction,  and 
position  at  the  initial  point  in  the  unpowsred  trajectory.  A  coordinate 
arrsngmeet  for  defining  projection  conditions  Is  shewn  ia  fig.  7. 
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Canbinatloos  of  initial  conditions  that  result  in  hits  penal ng  through  tha 
mom's  cant mr  ara  shown  in  Fig.  6.  For  noainal  values 

V#  »  35,  CWO  ft/sac 
7  -  lb.  2  dag 

0  »  100  dag 

r  -  4500  stat  al 

narked  in  Fig.  0,  ««  find  that  allowable  errors  in  speed  or  direction  for 
iepact  on  the  ’risible  face  of  tha  noon  ara  about 

6V  -  ♦  40  ft/sac 

67  -  ♦  0.25  dag 

Tha  axant  band  of  conditions  for  lnpact,  around  tha  non  Inal  point 
salactad,  is  shown  in  Fig.  9.  (Jana rally  speaking ,  higher  valuta  of 
lead  ta  Larger  allswab  la  5V,  while  saallar  values  allow  greater  values 
of  bi  Iff  sets  of  velocity  errors  ara  illustrated  in  Fig.  10. 

Ms  nuat  also  recognize  the  existence  of  another  kind  ef  flight  toler¬ 
ance  that  does  not  figure  in  purely  terrestrial  flight  activities  -  that  of 
launch  tine .  In  addition  to  a  fairly  clooo  tolerance  on  the  Instant  of 
launch,  it  sust  be  recognized  that  the  calendar  dates  so  which  launching  1s 
feasible  ara  dependent  upon  the  latitude  of  the  launch  site,  the  range  of 
firing  azinuth  available,  and  the  inclination  of  the  noon's  orbit  relative 
to  the  earth's  equatorial  plane.  These  general  obsenratlens  about  launch* 
tins  tolerance  apply  nere  er  less  directly  to  all  of  the  lunar  flight  types 
listed. 

For  neat  equipments,  s  nec -destructive  landing  uc  s  solid  surfaee 
leplies  an  approach  te  the  surface  at  a  rather  law  spaed  -  s  goad  deal  lass 
then  10,000  ft/sac.  Sinaa  tha  noon  has  ae  appreciable  atnoephere,  dees  le  rat  ion 
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mt  be  aeeonpll shed  by  neks*  propulsion  la  the  final  phase  of  approach. 

Tho  trajectory  refulroaents  for  lunar  load  lag  are  essentially  the  eons 
m  those  for  laqpart ,  perhaps  far  bcm  elooor  specification  of 

accuracy  tolerances  if  a  nearly  perpendicular  hit  oa  the  lunar  surface  la 
n oded  to  aoeonaodato  tho  partleular  landing-gear  arreagaonat  eoplojned. 
Landing  dees,  hovaver .  Involve  another  extension  of  the  problem  beyond  tbo 
1  opart  oaaj.  It  Introduces  a  rofulraasnt  for  central  of  the  orientation  of 
the  vehicle  ao  that  tho  decelerating -rocket  thrust  la  properly  aligned 
relative  to  tho  lunar  approach  velocity. 

Another  flight  nlaslon  that  rtfulroa  rocket  doer  la  ration  at  tho  noon, 
and,  honor,  attitude  atahUlsatlm,  la  that  of  establishing  ■*  artificial 
aatollltr  of  tho  neon.  For  this  operation  wo  nuat  prorood  along  a  transit 
trajortory  that  nloooa  tho  noon,  to  poor  by  it  ot  on  altitude  equal  to  tho 
desired  aatollltr  altitude. 

The  period  end  orbital  velocity  of  a  lunar  aatollltr  aa  a  function  of 
orbit  altitude  la  theca  in  Fig.  11.  It  la  aoon  that  for  roaoenobly  clone 
satellites,  orbital  velocity  fall*  la  tho  vie  Laity  of  5000  ft/eoc.  Since 
tho  velocity  of  the  vehicle  In  lta  tranalt  trajectory  will  be  of  the  order 
of  10,000  ft/eoc  near  tho  noon,  it  la  apparent  that  a  velocity  reduction  of 
around  500S  ft/eoc  la  required  tc  act  up  a  lunar  satellite. 

Tho  projection  accuracy  required  la  thle  operation  deoa  net  differ 
aojrikedly  free  that  required  to  lunar  Impact.  The  limiting  accuracy  require - 
amte  are  derived  fren  conoldoratlon  of  tve  poaclblc  oetaetroyhloa  that  caa 
occur  to  tho  aatolllte:  too  lev  on  initial  velocity  will  eaeee  It  t#  collide 
nth  tho  neon  (Fig.  l*)j  tee  high  a  velocity  will  result  la  recapture  by 


tho  earth  (Fig.  13). 
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If  irlsh  to  ash*  sc  unpovered  flight  entirely  around  the  noon  and 
return  to  the  earth,  we  oust  stay  near  the  extreme  low  oad  of  tho  scale  of 
lunar  flight  speeds.  In  fact,  w»  mist  operate  in  tha  rag  Ion  between  about 
3*, 300  and  35,100  ft/sec  only  (referred  to  an  initial  position  4300 
alia*  from  tha  cantor  of  tha  aarth).  Substantially  highar  Initial 
velocities  would  result  in  speed*  naar  tha  moon  that  are  too  high  to  permit 
tufficiaat  daflaction  of  tha  trajectory  by  tha  anon. 

Within  tha  allowable  range  of  initial  re loci tie* ,  tha  accuracy  require - 
aants  for  circualunar  flight  are  comparatively  nodost  if  all  we  ash  Is 
return  to  tha  earth:  typically  ♦  75  ft/aac  in  velocity  or  ♦  5  dag  1a 
direction.  These  large  tale race as  are,  however,  associated  with  fairly 
large  variations  in  t5a  distance  of  closest  approach  to  tha  noon  sad  in  total 
flight  tine.  A  variation  of  10  ft/ aac  in  initial  velocity  would  change 
tha  distance  of  cloaaat  approach  by  about  1000  alias  and  tha  total  flight 
tins  by  about  25  hours.  Because  of  this  eeaaltlrlty  uf  flight  time  to 
ialtlal  velocity,  tha  velocity  would  have  to  be  cant  rolled  to  within  about 
♦  0.5  ft/aac  if  a  returning  circtaaluaar  vehicle  were  to  be  recovered  within 
tha  eont Laeatal  United  States.  These  values  of  sensitivity  apply  to  a 
trajectory  with  an  initial  velocity  of  about  34,900  ft/sac  which  paaaas  tha 
acoa  at  a  nearest  approach  distance  of  about  4000  ml.  Tha  sensitivities  for 
other  trajectories  could  differ  from  these  by  a#  such  as  an  order  of  nagnitude 
depending  upon  the  exact  values  of  tha  initial  condition*. 

Thera  are  five  special  paints  in  earth-noon  space,  celled  'Itbration 
centers,'  at  which  a  vehicle  night  'float  at  anchor’  as  a  sort  of  apaaa 
baey.  The  arrangement  of  these  points  in  tha  (x,y)  plana  is  shewn  in 
Fig.  It.  Apprastinate  solutions  to  tha  squat  Ians  of  notion  can  be  developed 
la  tha  neighborhood*  ef  these  centers  of  llbratlon. 
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We  find  from  till*  solution  that  the  notion  near  tho  straight -iirvs 
eastern  of  libratian  (I,  II,  sad  III)  1*  unstable;  because  of  the  pro sence 
of  the  hyperbolic  functions,  a  part  lc  la  initially  Mar  •  eon  tor  of  llbratlon 
rill  oroatually  acre  indefinitely  far  away. 

for  the  equilateral -triangle  point*  only  oscillatory  torn*  appoar  in 
the  solution  to  tho  aquations  of  notion ,  *o  it  would  *oon  that  wo  could 
•stabliah  spaoo  buoy*  at  tbo  triangle  point*  that  would  *tay  at  anchor  In 
oarth  noon  *paoo  for  an  indoflnlto  period ,  until  displaced  by  axtomal 
dint or banco* . 

In  treating  lunar  flight  wo  bar*  boon  concerned  with  a  spaoo  environ¬ 
ment.  dominated  by  tho  f laid*  of  two  masaiva  bodlaa  -  tho  oarth  and  tho  noon  • 
mralriag  in  a  ire  loo  about  tholr  cannon  cantor  of  aaa* .  tftiea  wo  cone Ida r 
iatorplanotary  flight,  tho  main  l'ooturoa  of  tho  probloa  ara  dotomljod  by 
a  ■  in  liar  kind  of  flight  oarlrar— *nt .  Tho  difference  1*  that  tha  Inter  - 
plnnotary  flight  baa  non*  najor  phaao*. 

Lot  ua  run  through  thooo  phaao a  in  a  flight,  aay.  from  oarth  to  Mars. 

Tho  first  phaao  toko*  plaoo  in  oarth  none  spaoo.  This  phaaa  soon  blonds 
into  tho  second  phaao,  whom  tho  main  source s  of  Influence  am  tha  earth 
oad  »m.  At  a  diatasoo  of  a  few  nlllloa  alias  fron  tha  earth,  the  third 
phono  boglna,  in  vhlth  tho  sola  influence  of  substantial  consequence  is 
due  to  tho  awn.  Aa  wo  approach  Mars  wo  enter  tha  fourth  flight  phaao, 
whom  tha  Wadies  of  ahiof  oomeera  am  Mars  and  tha  eua.  In  tho  terminal , 
or  fifth,  phaao  mry  near  Mara,  only  tho  field  of  Mars  itself  la  important. 

The  computation  of  aa  Iatorplanotary  flight  trajectory  is  mry  c ample* , 
oooouoo  of  the  nmltlpliaity  of  flight  phases  with  tho  attoniaat  requirements 
for  changing  reference  fmnrs ,  equation*  of  notian,  aeewraey  sealoa,  etc. 
looser,  tho  major  oharaotarlatisa  of  aa  iatorplanotary  trajectory  coa  bo 
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sunaarlied  u  follows  The  Initial  In#  of  the  trajectory  (phnse  cm) 
approx last#*  a  hyperbola  dth  focus  at  tha  aarth’s  senter;  this  lac  (through 
phase  tvo  )  blends  into  a  larga  sllipee  dth  focus  at  tha  sun’s  ©enter 
(phasa  three);  near  tha  and  (through  phase  four)  this  all Ipsa  blonds  Into 
a  hyperbole  vlth  focus  at  tha  cantor  of  tha  tar  gat  pLaaot  (phase  fir#). 

handing  on  Mercury  veuld  bo  suallar  to  landing  on  tha  aocc ,  tha  re  is 
no  atmosphere,  so  dacalamtion  rust  ba  accomplished  by  racket.  landings 
on  Van  us ,  Mars,  or  tha  earth  can  make  usa  of  aerodynamic  drag  far  daaalaration. 
handings  ict  tha  usual  sense  are  not  likely  on  tna  other  planets,  since  they 
do  not  have  (®r  probably  do  not  have  )  clearly  defload  solid  surfaces. 

Istablishnent  of  an  artificial  satellite  of  another  planet  involves 
tha  sasn  poasibla  sources  of  failure  as  eatabllshnent  of  a  lunar  satellite  - 
tao  little  velocity  dll  result  In  collision  dtb  the  planet,  too  aueh  dll 
lead  to  capture  by  tha  sun.  A  round -trip  around,  say.  Mars  with  subsequent 
return  to  the  earth  la  possible  by  proper  trajectory  arrangements . 

LlbratlOD  centsrs  in  interplanetary  apace  are  produced  by  the  fields 
of  tha  sun  and  a  planet,  Just  as  they  are  preduced  in  earth-aeon  spaee  by 
the  fields  of  the  aarth  and  aoeo.  Thus  ve  should  also  be  able  to  establish 
interplanetary  space  buoys .  In  fact  tush  buoy*  already  exist  in  natural 
fen  as  th*  Trojan  asteroids  (see  be  lev )  at  the  equilateral -triangle  paints 
relative  to  the  sun  and  Jupiter. 

?er  all  of  these  interplanetary  alas  ions  tha  guidanoe  accuracy 
requirements  are  far  more  stringent  than  for  analegous  lunar  missions. 
Representative  velocity  tolemness  tire  ac  the  erder  of  0.1  ft/sec. 

Another  type  of  interplanetary  aisslon  is  that  of  establishing  an 


artificial  asteroid  (artificial  solar  satellite). 
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to  g tag*  mmomsm 

Om  «f  the  BMt  inportaat  upMti  of  the  space  envlroooest  deal*  with 
the  ae'erlal  contest  of  ipu« .  Lot  ua  first  consider  bodies  in  tho  range 
free  coot  la  dust  to  ohunke  of  rook  (i.e. ,  *07  2C  aierons  to  a  few  aotora  ) 
oeBMccly  celled  ncioerotd*.  Figure  15,  baaed  upon  tho  obsorrmtlooai  end 
theoretioal  reeulta  0 f  tho  larrerd  Meteor  Prog  ran,  giro*  tho  aua  aad  also 
of  aeteorie  portleloa  as  functions  of  tho  riausd  oagnitude.  Figure  16 
indicates  tho  urn bor  of  aueh  aotoarolda  striking  tho  earth  per  day,  aad  tho 
a uob*r  otrlklac  a  3-wrtor  sphere  la  tho  neighborhood  of  tho  oarth  par  day. 

It  la  est  leaked  by  Mdpplo  that  a  ootooroid  of  oagnitude  17,  cowing 
with  a  ro loot ty  of  18  ka/eee,  of  which  about  two  per  day  will  atrlko  a 
3 -actor r  optaora,  trill  penetrate  aa  alualnua  akin  of  0.01  aa,  wharaaa  a 
aotoerold  of  afigaitudo  5,  000  of  which  will  atrlko  tho  sphere  orory  huadrod 
yoaro ,  would  poaotrato  k.5  «a  of  eluelnua.  About  owory  50  days  a  particle 
capable  of  peaetretiag  0.5  oa  of  aluaiawa  would  hit  tho  sphere. 

but  the  probability  of  otrlklac  aetoerollo  depends  upon  whore  tho 
▼ehlele  to  la  epaeo.  Figure  16  applioo  to  tho  loowllsto  neighborhood  of 
tho  oarth.  At  creator  distance*  food  data  are  looking.  khat  is  known, 
howrror,  la  that  (a)  tho  tael loot  loot  particles  (altroeotaoroldj  )  are 
c oeooatrated  la  tho  oollptlo  or  piano  of  tho  oarth '»  orbit,  aad  (b )  aoot 
arteorltle  oatorial  to  ooaotary  rofaao  and  la  aaaaequeatly  largoly 
distributed  along  the  arblta  of  ooaoto. 

Lot  ue  rowlow  sooe  of  tho  oridoaeo  for  tho  ecliptic  concentration  of 
•seals  duct.  After  erasing  twlUcht ,  oapoalally  near  tho  21st  of  March 
la  aortbeni  latitudes,  a  falsi  tapered  bead  of  light  aa a  bo  seen  ertaadl^ 
up  free  tho  herlaoe  ooeterod  alone  the  ecliptic.  This  band  of  light,  which 


can  be  phctoelectrleally  traced  through  the  ccmrpleta  night  sky,  la  called 
the  sodiacal  light,  The  oolor  uf  the  zodiacal  light  Is  nearly  the  *u»e  aa 
that  of  the  sun,  but  shovs  approximately  <  par  cent  polar  i  rati  on .  Thee* 
observational  facts  suggest  that  tha  lodiac&i  light  Is  eauaad  for  tha  most 
part  by  sunlight  soattarad  frosa  small  coat  cr  meteoroidal  psurticlas  at  laaat 
2C  microns  In  diesater.  Slnca  light  scattered  by  fraa  electrons  is  strongly 
polar 1 tad ,  it  is  probabia  that  fraa  aiactroos  represmmt  a  fraction  of  tha 
part i clap  prasant.  This  is  also  substantiated  by  tha  fact  that  tha  total 
light  prasant  seems  to  vary  vita  solar  activity,  being  la&st  whan  ionizing 
radiations  frost  tha  sun  ara  at  a  minimum.  however,  sinca  scattaring  by 
gas  a  tons  and  molecules  altars  tha  color  of  the  light  It  mus<.  ba  concluded 
that  tha  zodiacal  particlas  (except  for  tea  ;ree  electrons  )  ara  aarch  larger 
than  molecules . 

It  has  oaan  suggastad  that  tha  zodiacal  light  is  an  extension  of  tha 
outar  solar  corona  This  idaa  is  ra inf oread  by  the  fact  that  the  corona 
has  a  color  and  continuous  spectrum  agreeing  with  tha  zodiacal  light.  But 
•oat  interesting  is  the  comparison  o!  tha  brightnesses ,  as  shovr.  in  fig.  17, 

This  layer  of  saall  aataoroidal  psurticlas  aust  extend  from  the  sun 
vail  beyond  tha  orbit  of  tha  earta ,  baing  concentrated  tower  tha  ecliptic 
or  fumiasantai  plane  of  the  aalar  system. 

TVs  major  c  vacant  rat  lac  of  tha  smallest  meteoric  material  (producing 
no  visual  affects  when  striking  tha  earth  '  is  In  the  ecliptic,  but  other 
coo  cant  rat  loos  are  intimately  associated  vritb  coasts  and  ether  bodies. 

Tha  visible  meteers ,  or  shooting  stars,  are  of  tve  types  -  thee#  associated 
with  showers  and  tnoee  vniah  are  sporadic.  Tha  shawm  r  astaors  are  of 
eamatary  origin;  the  speradics  ara  probably  traceable  to  asteroid a. 
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L 0%  m  review  r  few  facta  saseerciag  smarts  sad  ratcer  «kw«ni.  S© 
M(ura t*  nesses  ef  $as»%%  have  been  de  to  mined ,  «ia««  they  &r*  net  nassive 
enough  to  exert  sny  rasjsurabis  perturtatir®  forces  aa  other  bodies.  But 

t  o 

it  Is  estimated  that  typisal  saaiugs  ar§  af  the  order  of  1C#  tons  (earth  • 

a 

approximately  10  tees  ),  *a<$  the  densities  are  such  that  in  a  thousand 
cubic  alias  e?  a  curat’*  tell,  t hare  is  less  Matter  La  a  cubic  inch 

of  air, 

In  19*9  Whipple  hypothesised  a  eoawteeodel  which  satisfactorily  explains 
a  groat  away  observed  facts  about  courts.  Whipp u?  holla  that  a  cosset ' @ 
nucleus  is  a  coenic  iceberg,  a  porous  sees  of  solidified  gases  ©r  im  plus 
sow  solid  particles.  The  substances  present  are  l&raely  water  ice, 
asnonle,  and  rathsee  with  sens  carbon  dioxide  and  cyaaagen. 

But  whet  is  cf  special  it ter® at  is  that  on  each  trip  near  the  sun, 
the  ecaaet  If  partially  disintegrated  and  leaves  a  ’wake’  of  aaall  solid 
particles  and  lees.  So  the  regions  of  space  where  an  astronaut  is  likely 
te  fled  higher  that  average  desalt lee  of  aetourlc  Material  are  along  the 
orbit  of  coasts ,  either  'live'  erases  or  old  disintegrated  coast* . 

Whenever  the  earth  passes  through  one  of  these  caratary  wakes  a  mete or 
shewn?  results.  Hundreds  of  shooting  etara  are  observed  to  emrge  free  a 
snail  area  of  the  sky  called  the  radiant,  the  direction  being  date  reined  by 
the  orbit  of  the  carat  wake  la  space .  In  general  these  snail ,  solid 
particles  ox  bits  of  lee,  s  few  alcre&s  in  size,  which  cause  rateor  showers 
will  not  cause  penetrative  disasters  te  a  space  vehicle,  though  they  my  in 
tins  cause  considerable  skin  attrition.  It  is  the  sporadic  aw  tears  ids  that 
are  likely  to  etuee  sudden  trouble  in  space  flight.  These  bodies  are  aoct 
probably  fragrant*  ef  asteroids  which  have  resulted  fren  collisions .  Like 
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csnsti,  no®*  trtae  to  h ate  a  def  vniti  v»iy  hyperbolic  orbit.  H ewever,  these 
sporadic  meteoroid*  way  be  quits  sizable,  for*  fireballs,  and  frequently 
strike  the  earth.  They  range  from  a  few  gram*  up  to  thousand*  of  tons 
like  the  large  meteorites  (or  even  nail  asteroids  )  rhioh  caused  crater* 
like  the  Barringer  Meteor  Crater  lx*  Aricea*. 

Let  us  now  turn  briefly  to  sane  facta  csneernlng  the  Minor  planets  or 
asteroids  thaaseires,  Sines  the  discovery  of  the  first  asteroid  on  January  1, 
1801,  the  orbits  of  a®r-«  taan  1^00  of  these  bodies  har*  been  date  mined. 
However,  their  total  nuaber  Bust  run  into  the  hundreds  of  thousands;  it  has 
been  est lasted  that  there  are  90,000  brighter  than  the  19th  aagsltede  «1 sae. 
Most  of  the  asteroids  follow  orbits  which  lit  between  the  orbits  of  Mars 
and  Jupiter,  occupying  a  place  in  the  tolar  system  where  Soda's  Lew  has 
predicted  *  major  planet  which  does  not  exist.  ( Bans  asteroids  depart 
censiderably  fra*  the  wean  orbits.  )  One  family  of  asteroids  is  of  special 
interest.  It  occupies  the  equilateral  llbr&tion  points  in  Jupiter's  orbit 
(Fig.  16).  These  asteroids  -  known  as  the  Trojans  -  mother  shout  12,  seen 
leading  Jupiter,  some  following.  Searches  have  been  mode  for  possible 
Trojan-type  asteroids  as toe la ted  with  the  equilateral  libretiec  points  in 
the  orbits  of  other  planets,  but  none  has  been  found. 

Orbits  whose  periods  are  exact  fractions  of  Jupiter's  period  are 
called  resonant  orbits.  The  effect  ef  perturbations  on  these  resonant  orbits 
Is  to  render  thee  unstable  and  ferae  the  asteroids  into  other  orbits,  a 
feet  which  night  be  of  interest  to  astronauts;  similar  effects  would  operate 
on  earth  satellites  whose  periods  vers  exact  fractions  of  the  lunar  period. 
Thus  if  a  satellite  were  placed  on  *jb  orbit  with  a  period  of  sty  exactly 
l/H  a  month,  it  would  soon  move  into  sene  ether  orbit. 
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La  re««nrt  years  high»p ©wared,  wide -field  photographic  telsssopss  fears 
recorded  thousands  of  faint  a*v  aatsreids,  seaw  of  tbs®  m  orbits  which 
bring  tbci  close  to  tbs  earth;  in  193?  an  asteroid  swept  within  800,000  k» 
of  tba  earth,  or  reugfcly  twice  tbs  nose's  disiases.  Orbits  arc  new  kacnm 
for  at  leant  ten  such  object#  which  soon  within  tbs  earth's  orbit. 
Hadeahtedly  tbsrs  arc  scares  aero,  end  over  a  period  of  hundred*  of 
thousands  of  ysars  «;uliiai«aa  with  tbs  sarth  oust  tx  .or , 

Tbs  largest  asteroid  (ami  tie  first  discovered)  is  Cams  with  a 
disnttsr  ef  730  kv>.  Tbs  sites  range  oa  down  to  a  few  kilometers,  Assuming 
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Sine#  tbs  muter  ef  bodies  increases  by  a  factor  of  2.7  vltb  saob  uagnitude, 
there  srs  probably  100,000  asteroids  vlth  disasters  in  excess  of  250  esters. 
It  Is  sat  lasted  that  all  tbs  asteroids  together  would  aake  up  a  spherical 
body  about  1000  ka  In  disaster  vlth  a  aass  less  than  one -thousandth  tbs 
earth's  aass. 

Interplanetary  spate  also  contains  nslssular,  atanls,  and  subatomic 
part Isles  sad  radiation  of  various  blade. 

In  the  exeeyfesrle  region  ef  the  terrestrial  ataosphare  great  numbers  of 
nitrogen,  oxygen,  and  ether  particles  are  freely  orbiting  as  a  highly  tenuous 
atacaphers.  At  higher  levels  ef  the  exosphere  lighter  genes  such  as  hydrogen 
aai  hollies  nay  eventually  aesuas  sa  inerecslngly  i^eerteat  sentrlbstlea  to 
the  density  and  eaapeeltlsa.  The  prepeertisa  ef  Ionised  part Isles  to  neutral 
atsae  vlll  iaereaes  to  values  such  as  see  la  five,  sad  aore,  at  greater 
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distances  frm  the  earth,  because  there  will  be  f«v  collisions  between  the 

very  highly  ionised  positive  lens  and  negative  electrons;  the  probability 

for  neutralisation  of  the  electric  chargee  by  reconbiaatioB  will  be  very 

snail .  At  very  high  level*  e?  beyond  the  at aospfaere  prytoc*  and  electrons 

will  dominate,  together  with  seats  neutral  hydrogen  stem.  Tin  electron* 

vlll  laminate,  tegather  with  seme  neutral  hydrogen  atesu.  She  elaetrcn 

density  at  the  base  of  the  exosphere  can  be  taken  a*  5  x  10  /ta  .  Indirect 

data  on  the  solar  corona  and  sodiaeal  light  suggest  that  the  region  between 

5  3 

the  earth  and  noon  has  an  electron  density  of  the  order  of  10  /cb  . 

The  lunar  gaseous  atmosphere  any  consist  ealnly  of  argon,  together 

with  carbon  dioxide  and  sulpher  dioxide  and  some  water  vapor,  but  its  true 

coepoeitlon  and  density  are  as  yet  uncertain.  It  la  also  possible  that  the 

moon  has  an  ionosphere  with  electron  donsitlos  of  the  order  of  10  /os'  ; 

10  3 

sees  estimates  go  as  high  as  10  /cn  . 

According  to  the  Chapean-ferraro  theory  of  angnetlc  sterns,  corpuscular 

streams  of  electrons  and  protons  art  salt  ted  free  active  regions  on  the  sun, 

and  proceed  earthwards  to  cause  Magnetic  sterns  and  aurorae.  These  particles , 

according  to  this  theory  and  several  others  related  to  it,  travel  to  the 

8 

earth  In  about  a  day,  so  that  the  velocity  nay  bo  about  10  cm/ sec . 

Solar  particles  Moving  with  a  velocity  of  about  i/3  that  of  light  have 
been  noted  to  leave  the  sun  in  areas  of  solar  flares.  (Methods  of  radio 
aatronoMy  have  boon  used  in  thooo  studios .  )  During  solar  flares  m  about 
six  occasion*  since  the  early  19^0' s,  Marked  Increases  in  oeemle  rays  have 
occurred  ever  a  period  of  hours  to  alaost  a  day.  On  February  23,  1956,  an 
Increase  of  90  per  cent  or  so  in  cooaie  rays  detected  at  the  greuad  appeared 
la  high  latitudes  of  the  earth.  Uhls  nsaas  that  the  partial**  had  an  energy 
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la  excess  of  16  billloe  eloetroa  rail*  (bev  ).  Xffscts  persisted  erar  a 
period  of  16  hours  or  nano  la  seoads  rays,  aad  for  several  day* 
absorption  of  rail#  versa  um»4.  The  potential  ntrm  radiation  haasrd 
like  that  of  February  25,  1956,  apparently  does  net  oeeur  vary  oftoa;  this 
mA  scan  ether  largo  increases  dvr  lag  flares  bare  appeared  only  shout  oaoo 
ovary  throe  yoara. 

A*v*ek  galactic  background  of  radio  aoloo  fron  a  fw  to  thouaanda  of 
aagaejoleo  satiate.  It  la  hollered  to  arloo  fro*  olootroos  spiraling  la 
nagnetie  field*  of  estiva  area*  la  dletaat  galaxies.  Assn  local  toed  areas 
radiate  very  latoaooly,  as  la  the  region  of  the  Crab  .^baln. 

The  eaa  also  sad  to  a  radio  aalto  background.  Slaeo  a  bleak  body  at 
•on  thousands  of  dagrooe  generates  olootroaagaotlt  mcrmr.  chose  latoaalty 
varies  nth  vnveles^th,  there  oast  bo  enlsslen  at  radio  frefwaelee  aa  wall 
aa  la  the  ultra-rlelot,  the  risible  spoetrun,  aad  the  lafraurod.  Also, 
darlag  Mlar  flaroa  the  eua  «nits  short  burets  of  radiation  up  to  1000  tlaas 
aa  groat  as  Its  steady  background  radiation. 

The  oarth'a  nagnatla  field  la  spaas  la  aaah  like  that  of  a  short 
angsot  at  the  oarth'a  ooator,  tbs  aagnat  belag  so  dlraetod  that  Its  north 
pole  rill  11a  la  the  general  direct lao  of  the  geographic  polos,  the  ooatral 
axis  of  this  nagnet  lotsmsta  the  earth's  sarfaee  at  the  point  76. 6*  north 
latitude  and  269*9®  east  leagltado,  sailed  the  ga  —pntls  aarth  polo.  The 
nagaotio  sonant  of  this  ngnet,  taken  aa  a  very  short  nagnet,  or  dipole, 
ns  6.06  a  10**  oontlnator-gma  aaasnd  units  la  1922. 

At  palate  beyond  the  atasayhore  et  dlataaoa  r  fron  the  oarth’a  sent or, 
the  ■agnails  flald  falls  off  rather  nearly  a«  the  euhe  of  the  dlataaco. 
the  electric  s arrant*  flawing  la  the  etna sphere,  hollered  neatly  transients, 
add  to  the  nala  nagnet  la  field.  The  nala  field  laoludna  also  sons  higher- 
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erd *r  Unw  required  1a  precise  calculations  of  the  field  1a  spate. 

fh®  surface  Magnetic  field  of  the  sun  1*  Mi  m/ah  Larger  thee  that  of 
the  earth,  except  el  thin  sunspots .  The  field  say  vary  si— evhet  with  tine, 
and  a  aegretic  a  taint  ef  the  sun  is  difficult  to  assign.  In  the  ease  of 
sunspots,  there  are  usually  leeal  aorta  end  south  Magnet  is  poles  in  the 
sunspot  groups .  Magnetic  aooents  nay  be  as  great  as  sr  greater  than  values 
10°  tines  that  of  ths  whale  earth  when  spot  disasters  reaah  50,000  -  60,000  kn, 
with  aagsetis  fields  of  ths  order  *f  5000  oersteds. 

Hush  sunspot  fields  could  therefore  extend  well  heyend  Mercury  end 
alaeet  to  the  planet  Vena*  with  fairly  readily  Measurable  Intensity,  if 
it  were  net  for  the  fad  that  the  tclar  corona  Is  a  very  geod  elaetrical 
s  endue  tar;  as  a  esnsequea#^,  els<-/tr  aaagnst  ic  induct  loo  tends  to  nullify 
■ystaaatic  features  of  the  taanglng  s'ompot  fields,  except  at  points  elsse 
to  ths  sun.  However,  it  ir  expected  that  porticos  ef  the  actual  aagaetlc 
fields  of  sunspots  are  carried  by  bate  rial  vlthin  Bering  pr—1  nonces  or  the 
streaming  serene  to  thj  neighborhood  ef  tne  aeon  and  sarth  with  Measurable 
intensity  of  Magnetic  Held.  Hence,  the  sunspot  fields  are  expected  to 
exist  In  fregnsatary  and  badly  organised  fora  vlthin  ths  solar  systsai. 

The  relative  heating  effect  of  the  hot  solar  corona  so  space  vehicles 
will  be  negligible  for  a  lunar  flight.  The  heat  flux  fro*  the  solar 
c arena  per  square  oent taster  ef  ares  rill  bo  kinetic  energy  of  notion;  but 
the  hot  pert  isles ,  though  very  energetic,  weald  be  teo  few  In  needier  to 
heat  up  a  aetal  surface  appreciably .  The  aiafeer  of  protons  and  hydrogen 
atone  should  be  of  the  order  ef  10^  to  10^/«a^,  so  that  the  energy  flux 

-7 

would  be  only  10  tines  the  anxlmai  solar  radial  is*  flux  ef  nearly  two 


per  square  aster. 
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KggUMBTATIOI  H  STACI 

HM  um  af  iptM  #ligbt  far  aoiaatifio  orporlaoatatioa  will  groatly 
>4d  to  tbo  itwi  of  ocioatlfic  baovladgo,  and  of  aouroo  swob  oapariaaotatioa 
Is  oloo  aooaaaary  for  tbo  Msstufsl  fulfilaoat  of  oaay  opaoa-fllgfet  alooloao. 
Looblag  boyaod  tbs  I  BY  progrea,  wo  an  able  to  forosoo  swob  aaaful  oorparl- 
aasta  as,  for  atbiq! t  tbs  rof  1  nonont  of  basic  coaotosbo  (planetary  aaseoe, 
gnvitatloaal  coaoteat,  dlaaaoloao  of  tbo  solar  oyotea).  for  tbooo  pvryooos 
artificial  as  toroids  (satoUltoo  of  tb*  sob)  sad  planetary  satellites,  portopo 
vltb  tnaopoodlag  oqulpaoat  for  aoewnto  rtup  sad  raago-retc  aoeoaroaaat, 
aro  oat  possibility. 

T bars  art  strvoral  other  sees  for  artificial  aotoroids.  Whoa  tracking 
toobalfMos  at  tbo  lists aot  of  fount,  for  eacaavOLo,  hart  boon  porfodod,  aa 
aotoroid  oa  aa  sarblt  aakiag  a  elooo  ooooontor  oaa  bo  oaod  with  port urbat lea 
tbaarr  aa  a  toot  partial*  for  nflaiag  tbo  mst  of  %hs  plaaot,  Asteroids 
sarrylag  suitable  laotnsaaoto  oaa  rtady  tbo  effect*  of  solar  partlolo 
radlatiaa  la  ragicao  of  oyaao  r  sow  to  from  tbo  port  art  loo  offoota  of  tbo 
oartb'o  aagnetlc  flail.  If  laotroaeat -bear  lag  aotoroldo  oould  bo  pi  soot 
la  tbo  earth's  o«allatoral-trlaaflo  11  brat  Isa  potato ,  oboorvatloao  of  tbo 
diroot  looal  proport  loo  of  tolar  f  laros  aad  spots  could  bo  aado.  Aotoroids 
vltb  suitable  Ispoot  sovtori  oould  sb^  tbo  dlotrlbvtloa  of  sotoor  otrooos 
la  all  parts  of  space  to  dotormlao  optlaaoa  oourooo  for  labor  laberplAootory 
wobioloo. 

toothoT  sort  af  latorplaaotary  vehicle  would  bo  aa  artificial  satellite 
of  aootbor  plaoot.  It  sboail  bo  poooibls  to  loan  a  pood  doal  about  ploaoto 
oad  tbo lr  stasopbarst  from  oat al  11  bo  oboes '"lag  stetioas.  A  logical  prelude 
to  eetualiy  load lag  oa  a  pi  not  (though  probably  aot  a  aooosolty  for  Man 
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’ re-entry  body'  u  it  plunged  Into  the  planet's  ataoephere.  Fr am  a 
knowledge  of  it*  approach  trajectory  aad  a  tl*n  hirtory  of  altitude, 
deceleration ,  and  vehicle  turfaee  heating,  tae  ataoepherle  data  necessary 
te  design  subsequent  entry  vehicle*  could  probably  be  dote  raised . 

What  i*  the  present  state  of  knowledge  concerning  these  neighbors  ef 
the  earth? 

First ,  Venue .  Actually  very  little  la  known  about  Venue .  It*  rota¬ 
tion  period  Is  very  uncertain;  sines  it  has  ne  satellites,  its  ease  is 
known  to  only  3  per  cent;  and  sines  it  is  severed  with  opaque  clouds, 
nothing  concerning  its  surface  Is  known,  tree  the  ohcalcal  ooapoeltlcn  of 
the  Venus lan  ataoephere  is  controversial.  Large  aaonnts  ef  earbae  dioxide 
haws  been  observed  but  ne  eridenoe  ef  vator  or  oxygen.  Sens  believe  that 
Venus  is  a  Ary,  dusty  planet  covered  with  an  opaque  lust  cloud.  Others 
believe  that  Venus  is  cbm  vast  ooean,  and  that  water  has  net  been  detected 
In  the  ataoephere  because  it  is  always  in  the  fern  of  ice.  Still  ether* 
believe  that  the  eleuo*  are  fomaldehyde  and  that  Venus  is  severed  with 
plasties.  These  hypotheses  are  net  idle  speculations  but  are  ceeuiletent 
with  the  observations.  It  is  the  difficulty  of  getting  suitable  observation* 
that  loaves  the  condition*  cm  Venus  so  uncertain. 

Bel  centric  observations  of  Venus  suggest  sons  mtstiea.  Richardses  has 
recently  concluded  that  Veaus  has  a  rotation  ported  of  frea  8  te  46  days, 
with  a  probability  of  being  correct  of  0.5 •  Re  dales  that  14  days  retrograde 
Is  the  boot  noon  veins.  The  sals,  as  ascertained  froa  aloud  narkings,  is 
tilted  free  the  plane  of  the  orbit  senswbore  between  14  and  32  degrees  (act 
so  different  in  this  respect  frea  the  earth  and  Mare).  The  facts  that  ne 
eqantsrial  bulge  bee  ever  been  observed  sad  that  radio  aoasnraaocts 
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*  15 -day  fluctuation  bar*  bc«  abeerrrd  ttraagthen  tha  itat  far  tiahtrdaao'a 
g  aeah  Tmalu  day.  Ant  aajgaa  ba*,  r  #  w  Vwrt  >hr*rved  say  ba  traeed  ta 
Ike  fMt  that  all  ebaarvetlaaa  are  rae&rloted  W  the  «n*fcr  parts  of  the 

•tampers ,  vWra  wrygea  la  prebably  dloeeal  ated  ao  la  the  garth  '• 

All  «f  tbaaa  atatewaata  add  up  to  tba  probability  that  fanua  vlll  ba 
a  'aarprlae  pi  aft '  stn  rial  tat  by  plaoear  aatraaovta.  ffothlag  1*  def  L&i  - 
tlvely  kaMi  vbiah  praaladaa  the  axlsteoaa  of  aaodltlaa*  favereble  to  Ufa. 
Aad  at  laaat  aaa  jradasst  aetraaower  faala  that  7 mau  vlll  ba  the  plaaat 
aa  vblab  ea  ara  aaet  likely  to  find  Ufa. 

Am  ta  tba  earth's  ether  aelghber,  Mara,  a  groat  deal  aora  la  kaawai. 

Mara  ratataa  aa  ita  axla  La  2tb  37*  ar  aaaeat lolly  ooa  aarth  day.  Ita  aula 
la  Irellati  ta  tba  orbital  plaaa  by  tba  saaa  aarart  a a  tba  aarth’a,  aad 
aaaaana  1  affaata  aiailar  ta  tbaaa  of  tba  aarth  ara  abaarved. 

Ihe  aawdltlaaa  aa  tba  aarfaaa  ef  Mara  ara  vary  similar  vlth  regard  to 
taaparatera  and  praaaura  ta  aaadltlawa  m  tba  aarth  11  alias  abera  tba 
aarfaaa  la  tba  atmtaapbara .  Altbaagh  In  awn  Ufa  aauld  oat  survive  vithaut 
axteaelas  laaal  aartroawaatal  aadifleatlaaa,  tba  paaaibUUty  af  a  aalf- 
aaatalalag  aalaay  la  oat  ruled  aat. 

M  bleak  aad  Aaaart-like  aa  Mare  appear!  ta  be,  vlth  ne  aaypaa  a&d 
very  little,  If  aay,  vater,  there  la  feed  erldeawe  (derived  fraa  abeervatioa 
af  tbe  Mnrtlaa  dart  area*  aad  aaaaana  1  baler  thaajaa )  that  av-e  latlfMwa 
lift  faawa  aay  aalet. 

tbe  aawal  eeatrevarey  la  atU'  uaaettlad  aad  prsbably  vlll  raaaln  ao 
aatll  Mura  aaa  ba  adefaately  abaarvad  fraa  a  pealtlaa  fraa  fraa  tba  blurrlj* 
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Already,  thr<*<>  Um  at ady  of  cloud  mvmhU  ud  tonparatnra  dis¬ 
tributions  on  Mora  ,  knoelodgs  1*  balng  go lnnd  vhish  la  useful  In  tha 
analysis  of  the  e*xth'a  atnoaphers. 

Mach  planet,  regarded  a a  a  scientific  laboratory,  offer*  valialtod 
possibilities  for  studying  physies,  geology,  snteorolagy,  ehanirtry,  mad 
•van  lira  aaiaaaa.  Tx.  >  scientific  dividend*  from  the  exploration  of  speeo 
should,  in  sot  too  lane  a  parted ,  repay  th#  whole  cost  may  tinea  orar. 

It  baa  baaa  noted  that  nearly  all  tha  physical  attributes  af  the 
exospl fcara,  talar  corona,  and  lunar  ataoapbere  are  *o  ill-bnovn  that  it  la 
highly  desirable  ta  eaMMlt  tha  baalc  raaaarch  needed  to  raaacnra  tha  dearth 
of  real  bnew  ledge. 

Ansng  tha  physical  experiments  that  might  ba  conducted  (in  addition  to 
thaoa  mentioned  above)  are  tha  following: 

a  Measureenaats  of  tha  composition,  daaalty,  and  temperature  af^wprttor  alone 
tha  path  of  a  lunar  flight,  and  on  tha  noon, 
o  Nwaauraoant  of  x-ray  and  ultra-violet  radlatlgc  along  tha  flight 
path.  Sana  attention  to  lnfrarad  radiation  aloe  aoona  India* tod . 
o  Maaauranant  of  tha  apactrun  and  intensity  af  redlatien  at  mile 
frefueneles  (a)  from  spam,  (b)  fron  tha  sun,  and  (c  )  from 
•unapats. 

a  Mar.auraanat  af  tha  gsanagsetle  flald  at  various  dlatanaaa  and  af 
paaaibla  angnetie  flalia  aacca^ugl  at  auroral  streamers  and  ring 
currants.  Turbulent  magnet Is  field*  el  thin  tha  eelar  wmn  should 

aloe  ba  naaourod.  tW  lnaor  magnetic  field  should  ba  aeeertalaod, 
right  Aeon  to  tha  lunar  surf new. 
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o  0»Md«  r%y  obnarvatlaaa  with  cauntara  alaog  thm  flight  path.  On 
tfc*  mom,  diraatiaaai  axparlaanta  nil  ba  uaaful  la  tha  rfcwdy  of 
#•**!«  ractiatlaa  from  tha  fun  or  spaa  1*1  acuroa*  raquirLag  procla# 
laestlM. 

o  PrtalM  a**aara»ia»t*  ©f  tha  luour  mu*  sad  grmvil*ti«oal  field 
o  A  Mlt  »pe<rtro®r»ph  aa  the  soon  to  identify  giMi  tuafc  a*  &rgoa,  xanoc 
kryptoa,  carbon  41 ax Ida ,  awlphur  lioxida ,  an d  /wtar  Taper . 
o  -a  1  Mile  ©b©arv*ttaaa,  viti?  or  without  «xpl«ole*ui,  to  provide 
Lafecrmtloa  ac  the  lunar  La  tori  or  end  cowpoottion. 
o  Meamaeaeat  of  radioactivity  at  rarlou*  dapth*  within  tha  aeon. 
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Fig.  2 - Perturbations 


«o 


o 

o 


o 

o 


<x> 


o 

o 

S' 

lO 

in 

T3 

O 

O 

<6 


8£-S3-i 


Moon-rocket  trajectory  in  ipertial  space 
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Fig.  6 


T*onsit  time  from  Ecrth  to  Moon 
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■*  Angle  of  projection,  y  (deg) 

Fig.  8 - Combinations  of  Ve  and  y  required  to 

hit  the  Moon  from  various  initial  positions 
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3- Meter  sphere 


1  fc.‘  L> 


/  .  /s.  .  -  •  ,  irin  uj 

/  /  ■%■■  I#-v  ^  -  *10 

.  ./■-  ■  mm  ifJ&Wl'HC  ■•  ■  ■-  • 


v*  •  . 


e  12 
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Meteor  impacts  per  day 
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'••  FIG.  17 

**  ,  *  1 

CHANGE  OF  BRIGHTNESS  OF  THE  SUN'S  OUTER  CORONA 
.  AND  THE  ZODIACAL  LIGHT  WITH  DISTANCE 
.  from  The  sun'  1  %  * 
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